Thermal Performance Study of Extensive Green Roof in Shanghai District: A Case Study of Lightweight Building in Winter  by He, Yang et al.
 Procedia Engineering  121 ( 2015 )  1597 – 1604 
Available online at www.sciencedirect.com
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ISHVAC-COBEE 2015
doi: 10.1016/j.proeng.2015.09.186 
ScienceDirect
9th International Symposium on Heating, Ventilation and Air Conditioning (ISHVAC) and the 3rd 
International Conference on Building Energy and Environment (COBEE) 
Thermal Performance Study of Extensive Green Roof in Shanghai 
District: a Case Study of Lightweight Building in Winter   
Yang Hea,*, Hang Yua, and Mei Zhaoa 
 
aSchool of Mechanical Engineering, Tongji University, Shanghai 200092, China 
Abstract 
This paper aims to investigate the thermal performance of extensive green roof under free-floating and air-conditioned conditions 
in winter. A field experiment was conducted on two full-scale rooms from 01/12/2014 to 17/12/2014 in Shanghai, one room was 
covered by green roof while the other was covered by common roof. Temperature distribution along the vertical direction of both 
roofs was recorded, and so were heat flux through the roofs as well as soil volumetric water ratio of green roof, local weather 
data was collected simultaneously. The results indicated that cooling effect of green roof was significant when solar radiation was 
strong, and green roof showed insulation effect only at night when the indoor air temperature was about 3°C higher than that of 
common roof. Under free floating condition, temperature profile of green roof was like a saddle surface while common roof’s 
profile was like a Mexican hat. And green roof’s temperature profile pattern is similar to that of common roof under air-
conditioned condition. Energy balance analysis shows that net solar radiation and heat convection is the major heat gain for both 
roofs in winter, and net long wave radiation and evapotranspiration dissipate most heat gain for green roof while net long wave 
radiation is the main heat dissipation for common roof.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ISHVACCOBEE 2015. 
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1. Introduction 
During the past decade, green roof’s thermal and energy performance has been one of the hot topics. And many 
field experiments have been conducted in different areas [1, 5], and it is concluded that green roof’s performance is 
subject to many factors, which mainly can be divided into external and internal ones. External factors refer to climate 
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conditions, including solar radiation, wind velocity, rainfall (irrigation), temperature and humidity. Internal factors 
include the geometrical and hydrothermal properties of plants and substrate, volumetric water ratio, thermo-physical 
properties of building structural layer and insulation layer. However, most of experimental studies are focused on 
green roofs performance in summer for their significant cooling effect, the performance in winter receives less 
attention. C.Y. Jim and Tasang’s study in Hong Kong indicated that green roof would lead to more heat going out of 
the room and cause more energy consumption [3]. M. D’Orazio found that there is little difference between green roof 
and common roof in winter [2]. However, Karen liu’s results showed that green roof acted as a good insulation and 
can reduce 10~30% heat loss compared with common roof in Toronto [4]. Therefore, compared with consistent point 
about green roofs performance in summer, there is no agreement among researchers about green roofs performance in 
winter. In this paper, two lightweight rooms was located in shanghai, one room was installed with green roof while 
the other remained common roof for comparison. A field measurement was conducted to study thermal and energy 
performance of extensive green roof under different conditions.  
2. Methods 
 Shanghai(31.2N, 121.5E), a city located at the west coast of Pacific Ocean and the east rim of Asian continent, 
belongs to the north subtropical monsoon climate with four different seasons, plenty of sunshine and good rainfall. 
Summer and winter are long while spring and autumn are short. The average temperature of winter reaches 4.8°C.The 
experiment setup was located at Jiading Campus of Tongji University (Fig. 1). The test rooms has two conditions, one 
is free-floating condition (from 01/12/2014 to 07/12/2014), and the other is air-conditioned condition (from 
08/12/2014 to 14/12/2014).  
2.1. Roofs materials and experimental setup 
As is shown in Fig, the dimensions of two test room were both 3m*3m*2.7m. The left one was common roof, 
while the right one was covered by green roof. The common roof was made of foam sandwich panel (75mm thick). 
Extensive green roof was consisted of 36 prefabricated greenery modules (Fig.2) which was connected together by 
buckles, and the size of every module was 50cm× 50cm×7cm (not including the canopy layer). The greenery module 
was artfully designed, which combined plant layer, substrate layer, filtering membrane and drainage layer together 
(Fig.3). The plant was sedum linear (10cm thick), which was very popular in shanghai district. The substrate was 
about 4cm thick and was comprised of peat soil, powdered perlite, vermiculite aggregate and organic fertilizer. The 
windows and doors of both rooms were locked during the experiments. 
 
Fig. 1. Schematic drawing of experimental setup. 
1599 Yang He et al. /  Procedia Engineering  121 ( 2015 )  1597 – 1604 

Fig. 2. Appearance of greenery module. 

Fig. 3. Structure view of greenery module. 
2.2. Instrumentation and measurement 
A weather station which was installed near the roof recorded the local metrological data, including air temperature, 
relative humidity, solar radiation, wind speed and precipitation. Type-T thermocouples were set at different heights 
along the vertical direction of green roof and common roof to measure temperatures of different layers. For green roof, 
28 thermocouples measured temperatures of seven positions, including indoor air, inner and outer surface of sandwich 
panel layer, drainage layer, substrate layer, canopy layer and local air temperature 15cm above vegetation. And for 
common roof, 16 thermocouples measured temperatures of four positions, including indoor air, inner and outer surface 
of sandwich panel, air temperature 15cm above the panel. All the thermocouples were connected to a data acquisitions 
system that scanned all these sensors every one minute and stored the data in a local computer. Four TDR (Time 
Domain Reflectometry) sensors were used to measure volumetric water content of substrate layer, and four humidity 
sensors were set above the roof to record local relative humidity above both roofs. Furthermore, six heat sensors were 
installed at the inner surface of sandwich panel to measure heat flux through both roofs. And these sensors were put 
near the centre of the roof to avoid edge effect. The measuring periods contained three weather patterns, including 
clear day, cloudy day and rainy day. All the experimental equipment used for field measurements and their 
specifications are presented in table 1. 
     Table 1. Instrumental specifications. 
Equipment Type Parameters Resolution Accuracy 
Thermocouple T Temperatures 
of different layers 
0.1°C ±0.1°C 
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Data acquisition 
meter 
Agilent 
34970A 
—— —— —— 
Soil hygrometer FDS-100 Volumetric content 
of water in substrate 
0.1% ±2% 
Humidity Sensor WSZY-1 Relative humidity 0.1% ±2% 
Heat Flux meter HFM-215N Heat Flux 0.01W/m2 ±3% 
 
 
Weather station 
 
 
TRM-ZS2 
Temperature 0.1°C ±0.2°C 
Humidity ratio 0.1% ±3% 
Wind speed 0.1m/s ±0.3m/s 
Solar radiation 1W/m2 ≤±5% 
Rainfall 0.1mm ±4% 
3. Results 
3.1. Thermal performance comparison under free-floating condition 
 
Fig. 4. Thermal performance comparison between green roof and common roof under free-floating condition: (1) Indoor air temperature; (2) 
Surface temperature of structural layer; (3) Local air temperature above the roof; (4) Heat flux through the roof. 
 
Fig.4 reflects thermal performance difference between green roof and common roof under free-floating conditions. 
It can be seen from Fig.4 (1), indoor air temperature under green roof was 3°C lower than that under common roof at 
noon when solar radiation was strong, while almost the same in cloudy and rainy days. At night, air temperature under 
green roof was 3°C higher than that under common roof, which showed the insulation effect of green roof. Fig. 4(2) 
indicate that green roof reduced temperature fluctuation of structural layer significantly. The maximal temperature 
amplitude was 9°C for green roof while 32.5°C for common roof, and an obvious delay can be seen between both 
temperatures. Green roofÿs effect on local microclimate is shown in Fig. 4(3). The local air temperature above green 
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roof was about 5°C lower than that above common roof when solar radiation was strong, and little difference can be 
seen at night. Heat flux through both roofs was presented in Fig. 4(4), heat flux through green roof was negative all 
the day, suggesting that heat flowed out of the room. 
By contrast, for common roof, a large amount of heat entered the room at noon, and more heat escaped away from 
the room at night. Green roof’s cooling effect was most remarkable on sunny days, the maximal difference of heat 
flux through both roofs was up to 25W/m2. 
3.2. Thermal performance comparison under air-conditioned condition 
Fig. 5 represents thermal performance of both roofs under air conditioned condition when indoor air temperature 
was set to 24°C in both room. As shown in Fig.5 (1) and Fig.5 (2), surface temperature of structural layer and local 
air temperature above the roofs performed almost the same as that under free-floating condition. But heat flux was 
different according to Fig.5 (3). It could be seen that the average heat flux through green roof was -15W/m2 while the 
average heat flux through common roof was -37W/m2 and had a larger fluctuation, indicating that green roof acted as 
a good insulation under air conditioned condition. By contrast, more heat came out of the room for green roof under 
free-floating condition, which proved that indoor conditions had an effect on green roof’s thermal performance. 
Equivalent thermal resistance was often used to assess thermal performance of green roof in some literatures, which 
treated green roof as a common thermal insulation, maybe not suitable under free-floating conditions in this 
experiment.  
 
 
Fig. 5. Thermal performance comparison between green roof and common roof under air-conditioned condition: (1) Surface temperature of 
structural layer; (2) Local air temperature above the roof; (3) Heat flux through the roof. 
3.3. Vertical temperature distribution for both roofs 
In order to have a comprehensive understanding of green roof’s characteristic, temperature distribution along the 
vertical direction of both roofs during typical day in winter are presented in Fig. 6. As is illustrated in Fig.6 (1), 
temperature distribution for green roof under free floating condition was like a saddle surface. Green roof acted as 
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heat sink and absorbed heat from both sides during the daytime and acted as insulation at night. By contrast, common 
roof’s temperature distribution was like a Mexican hat (Fig.6 (2)), it absorbed solar radiation and released heat to both 
sides during the daytime while behaved as heat sink at night. Fig.6 (3) and Fig.6 (4) described the temperature 
distribution of both roofs under air-conditioned condition when indoor air temperature was set at 24°C. Both roofs 
showed temperature reduction from indoor air to roof local air. And temperature gradient was more obvious for 
common roof, through which more heat came out. 
 
Fig. 6. Temperature distribution of both roofs on typical day in summer: (1) Green roof under free-floating condition (2) Common roof under 
free-floating condition (3) Green roof under air-conditioned condition (4) Common roof under air-conditioned condition. 
3.4. Energy balance of both roofs on typical summer days 
Thermal performance difference between green roof and common roof leads to the difference of their energy flows, 
an analysis of energy dissipation based on energy balance is carried out in this section. The experiment data collected 
on 11/08/2014 and 28/08/2014 are used to calculate energy flows of both roofs under free-floating condition and air-
conditioned condition respectively. Taking the roof as a system, energy exchange between the system and environment 
can be illustrated in Fig. 7. The results presented in Fig.8 indicate that net solar radiation and heat convection is the 
major heat gain for both roofs and dominates the total energy flows under free-floating condition. Net long wave 
radiation and evapotranspiration dissipate most of heat gain for green roof, while net long wave radiation was the 
major heat dissipation for common roof. Under air-conditioned condition, as is illustrated in Fig.8 (3) and Fig. 8(4), 
heat dissipation is almost unchanged, and the proportion of heat transfer through the roofs was larger than that under 
free-floating condition. 
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Fig. 7. Schematic plot of Energy exchange between roofs and environment. 
 
 
Fig. 8. Hourly energy flows of both roofs on typical days in winter: (1) Green roof under free-floating condition. (2) Common roof under free-
floating condition. (3) Green roof under air-conditioned condition. (4) Common roof under air-conditioned condition. 
4. Discussion 
Green roof’s thermal performance is a complicated phenomenon, which is subjected to many factors, including 
meteorological factors, soil water content, indoor conditions as well as hygrothermal properties related to green roofs. 
The results in this paper indicate that green roof is more energy efficient under air-conditioned condition in winter 
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where the insulation effect is more significant than transpiration cooling effect. However, under free-floating condition, 
green roof resist heat from solar radiation into the room, which is not benefit for indoor environment. Green roof’s 
evapotranspiration involves soil surface evaporation and vegetation transpiration, more detailed study about soil and 
vegetation’s impact on evapotranspiration are needed in the future. 
5. Conclusion 
This paper compares thermal performance difference in winter between extensive green roof and common roof 
under different conditions through field experiment in Shanghai district. Temperature distribution along roof’s vertical 
direction are presented, and hourly energy flows of both roofs are presented based on energy balance. The following 
conclusions can be drawn. Green roof shows significant cooling effect during the daytime when solar radiation is 
strong, the maximal difference of heat fluxes through both roofs is up to 25W/m2. Green roof can reduce the amplitude 
of outer surface temperature fluctuation by 23.5°C, and roof local air temperature difference between green roof and 
common roof increases as solar radiation rise, the maximal value can reach 5°C. Under free floating condition, 
temperature profile of green roof is like a saddle surface while common roof’s profile is like a Mexican hat. Green 
roof acts as heat sink in the daytime and as heat insulation at night, while common roof acts as heat source in the 
daytime and as heat sink at night. Under air-conditioned condition, green roof’s temperature profile pattern is similar 
to that of common roof. Net solar radiation and heat convection is the major heat gain for both roofs in winter. Net 
long wave radiation and evapotranspiration dissipate most heat gain for green roof while net long wave radiation is 
the main heat dissipation for common roof.  
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